We propose a novel method for the simple visual (colorimetric) and spectroscopic monitoring of the conformational state of a biopolymer. We present an experimental example of the detection of the change in the conformation of a giant DNA molecule. This methodology is based on the difference in the manner of metallization with noble metals on a polymer scaffold depending on its conformation. Spectroscopic analysis of the metallization of DNA by metallic silver or gold provides information on the critical concentration of DNA binder, at which the folding transition from the elongated into the compact state occurs, together with the dimension and morphology of a compact DNA condensate. This method may be suitable for use in a rapid screening procedure for the high-throughput analysis of large chemical libraries to evaluate their ability to induce DNA compaction, protein folding and similar important processes.
Introduction
While polymers are well known to play a critical role in the formation and fabrication of noble-metal nanostructures, [1] [2] [3] [4] [5] little is known about the use of DNA chain templates in such processes. Most current studies on the metallization of DNA have been limited to short DNA fragments of less than several kilo base pairs. [6] [7] [8] As a well-known example, the use of short DNA oligomers for the controlled aggregation of metal nanoparticles has been developed by Mirkin and colleagues, 6, 7 who have demonstrated several successful applications of oligonucleotide-conjugated gold nanoparticles for analytical and biomedical purposes. [9] [10] [11] Indeed, the outstanding optical and electronic properties of nanosized metal structures 12 make them prospective candidates for use in analytical protocols and for the preparation of new smart materials. On the other hand, the template method for preparing metal nanowires based on long DNA chains was proposed almost a decade ago along with the use of other polyelectrolytes, [14] [15] [16] and the deposition of different metals on DNA chains using various approaches has been reported since then. [17] [18] [19] [20] [21] [22] [23] [24] [25] It is now well established that when in the form of an unfolded or elongated chain, metallization of DNA by metals such as Au, Cu, Pt, etc. leads to the formation of metal nanoparticles on a DNA chain scaffold [26] [27] [28] [29] [30] [31] [32] and such metallization is a promising method for the fabrication of molecular nanowires. [33] [34] DNA chain template metallization is expected to have potential applications beyond the preparation of conductive nanowires. For example, it was recently shown that a network of long DNAs can control the morphology of silver nanoparticles to be spherical or elongated depending on the density of the DNA network. 35 On the other hand, it has been well established that DNA chains larger than several tens of kilobase pairs undergo a large discrete transition from a disordered coil state into an ordered compact state, 36 while this abrupt nature of the transition vanishes for DNA molecules shorter than on the order of a few kilobase pairs. 36 Thus, the folding transition of giant DNA molecules is different from that of short DNAs. Recently, using giant DNA larger than 100 kbp we demonstrated that the metallization of compact DNA chains proceeds through a process that is significantly different from the metallization of elongated chains: compact condensates of DNA serve as toroidal templates for the formation of silver nanorings during silver metal deposition. 37 This difference in the process of silver metal deposition may be useful for the facile monitoring of changes in the conformation of DNA chains and even for probing the final geometry of a DNA condensate. Furthermore, this approach may provide a simple method for monitoring other related processes such as the conformational transitions of proteins during folding. In this report, we describe an analytical approach for probing the DNA conformation and for detecting the DNA folding transition point through the deposition of silver and gold on a DNA chain scaffold.
Experimental part.
Materials. Bacteriophage T4 DNA (ca. 166,000 base pairs, Nippon Gene Co., LTD, Japan), AgNO 3 (99.9999% purity, Aldrich, Japan), HAuCl 4 ·3H 2 O (Nacalai Tesque Inc., Japan) spermine (N,N'-bis(3-aminopropyl)-1,4-diaminobutane, Nacalai Tesque Inc., Japan), poly-(L-lysine)
hydrobromide, fluorescent dye DAPI (4'6-diamidine-2-phenyl indole) (Molecular Probes, USA), and sodium borohydride (Nacalai Tesque Inc., Japan) were used as received.
Methods. Fluorescence microscopic observations were performed using an Axiovert 135 TV microscope (Carl Zeiss, Germany) equipped with a 100  oil-immersed lens. Fluorescent images were recorded using an EB-CCD camera and an Argus 10 image processor (Hamamatsu Photonics, Hamamatsu, Japan).
UV-Vis spectra were recorded on a Jasco U-550 UV/VIS spectrophotometer in 1.00.20.5 cm quartz microcells.
Transmission electron microscopy (TEM) observations were performed using a JEM-1200EX microscope (JEOL, Tokyo, Japan) at an acceleration voltage of 100-120 kV. We used 300-mesh carbon-coated grids at room temperature. Each grid was placed for 3 minutes on top of a 15 µL droplet of DNA solution on a Parafilm sheet and the solution was blotted with filter paper before microscopic observation.
Sample preparation.
NaBH 4 solution was prepared immediately before the experiment and used for no longer than 6 hours after preparation, during which time it was kept in a cold place. observations were performed 15-30 minutes after the DNA solutions were prepared. In the metallization procedure, first, a solution of metal salt was added, the solution was gently mixed and the metal was reduced by adding NaBH 4 and mixing. Color appeared in the solutions immediately and its intensity grew until it became constant for 10-15 minutes.
Results and Discussion.
Metallization with silver. It has been established 36 that the compaction of giant DNA by multications can be described in terms of a first-order phase transition of a semi-flexible DNA chain.
A tetracation such as spermine is one of the most common compaction agents which induce the folding transition of DNA. To achieve real-time observation of the conformational transition of long Although the profile of this transition in terms of the compact DNA fraction is continuous, it is important to emphasize that such compaction is an all-or-none phenomenon with respect to the conformation of individual DNA molecules, i.e. coils and globules are the only two conformations adopted by individual DNAs and these two conformations coexist at intermediate spermine concentrations. 36 
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Next, we performed silver metallization of the spermine-pretreated DNA chains described above.
The differences in the nature of the deposition of noble metal on a DNA template at different concentrations of spermine can be clearly followed even with the unaided eye. Silver nitrate (final concentration is 100 µM) and the reducing agent NaBH 4 (40 µM) were subsequently added to each experimental sample and mixed. The molar ratio between silver nitrate and sodium borohydride was chosen to assure sufficiently fast kinetics of silver reduction and metallization of DNA. Several times excess of reduction agent over stoichiometric amount (1 molecule of NaBH 4 for 8 molecules of AgNO 3 ) was found to be optimal. Under these conditions, color of solution was developed within few minutes and was stable at least during a day. After the addition of borohydride, the color of the solution changed and varied from yellow to pink. Photographs of cells with samples are shown in The corresponding UV-Vis spectra of DNA solutions with different amounts of spermine after the same metallization procedure are also shown in Figure 3 . Corresponding to the change in the color of the solution, the spectra of this system can be easily classified into three types according to the absorption profile. In the absence of spermine and at low spermine concentrations, a single peak is observed at a wavelength of about 400 nm. This peak corresponds to nanoparticles formed on the unfolded DNA template. At an intermediate concentration of spermine (very narrow concentration range), we observed a broader peak at 400 nm with a shoulder at a longer wavelength. At higher concentrations of spermine, two peaks with approximately equal intensities were observed at 400 6 and 500 nm. A further increase in the spermine concentration (at least 10 times higher than the concentration for DNA compaction) and metallization had no effect on the two-peak spectra.
For illustration, two different types of DNA metallization depending on the DNA conformational state are shown in Figure 4 . Metallization of unfolded DNA proceeds through the formation of metal nanoparticles on a DNA chain, while that of compact DNA chains proceeds in a different way. Since a DNA chain has a toroid morphology upon compaction, this characteristic shape determines the form of the spectra, where absorbance around 400 nm corresponds to the smaller radius of the silver "hoop" (30-40 nm, d1) and that around 500 nm corresponds to the outer larger radius (d2) of the nanoring (around 80-90 nm) (see Figure 3 ). This two-peak pattern in UV-Vis spectra has been previously described in reports on noble metal nanorods. 38, 39 The morphology of gold nanorods is characterized by two geometrical dimensions (length and diameter), which results in a two-peak UV-Vis spectral pattern corresponding to the smaller and larger dimensions in the nanorod. 38 Single nanoparticles, formed as a byproduct during reduction, were found to contribute somewhat to the intensity of the peak at 400 nm. The ratio of these two absorbance peaks varies depending on the experimental conditions. For example, if there is a large excess of silver in solution compared to the concentration of DNA toroidal templates, a significant amount of free silver nanoparticles is formed together with the metallization of DNA, which are not deposited on DNA templates. In this case, the absorption peak at 400 nm is more intense. The deposition of silver metal on DNA condensate in the form of a ring is sensitive to a variety of experimental conditions including the concentrations of all of the components, the order and method of mixing, the temperature of the solution etc. However, under these various conditions, spectral changes properly indicate the transition point and reflect the shape asymmetry of the silver nanostructure. Corresponding transmission microscopy micrographs of metallized DNA condensates are presented in Figure 5 A and B.
To compare the concentration regime of the DNA folding transition from the coil to compact state ( Figure 2 ) with optical changes after metallization with silver, the latter is presented in Figure 6 as the ratio of the absorbance intensities at 400 and 500 nm obtained by UV spectroscopic measurements. This ratio of 400 and 500 nm was chosen since it clearly illustrates the drastic change 7 in silver nanostructure spectra. Comparison of Figures 2 and 6 makes it clear that changes in UV spectra correspond well to the original changes in the DNA conformation observed by single-molecule fluorescence microscopy. Therefore, the observed phenomenon clearly shows that monitoring of the manner of silver deposition on DNA can provide information about the DNA conformational state and is useful for determining the DNA binder concentration at which the conformational transition in a biopolymer occurs. It is to be noted that, although silver ions are cationic chemicals, compaction of DNA by silver nitrate itself does not occur even at millimolar concentrations (data not shown) in accordance with earlier theoretical predictions for monocations. 40 Therefore, the influence of silver ions on DNA conformational transition point is considered to be negligible.
Metallization with gold.
To obtain further insight into the metallization of DNA, we performed metallization with gold. For this metallization, we used HAuCl 4 solution as a source of Au and the same reducing agent as with silver metallization, NaBH 4 , but with a somewhat higher ratio in comparison to silver to accelerate the reduction kinetics. The following experiments were performed in essentially the same manner as described for DNA metallization with silver. Figure 7 shows the color change in DNA solutions containing different concentrations of spermine after metallization with gold. UV-Vis absorbance of golden nanoparticles is located at longer wavelengths in comparison to that of nanoparticles of silver, and the initial solution containing unfolded DNA metallized by gold is colored pink and shows an absorbance maximum at about 520 nm. This result suggests the formation of golden nanoparticles that measure about 10 nm. 41 In contrast to the results with silver, a change in solution color is observed even at low concentrations of spermine; the absorbance shifts toward longer wavelengths accompanied by the color change from purple toward violet. This change in color reflects a difference in the size of gold nanoparticles formed after DNA metallization at different concentrations of spermine or the aggregation of nanoparticles. Whereas, the metallization of compact DNA with gold gave a solution with a faint blue-gray color.
Although the nature of the change in solution color is different between silver and gold, the point of the DNA conformational transition can be easily followed in both cases: after the compact DNA 8 conformation appeared, the color of the solution did not change. Corresponding UV-Vis spectra are shown in Figure 7 . When DNA is in a coil state, after gold metallization UV-Vis absorbance spectra undergo a red shift from 522 nm (curve 1 in Figure 7 ) to 537 nm (curve 2) and then to 543 nm (curve 3), while the absorbance intensity remains almost constant. This shift of the absorbance maximum suggests that the addition of spermine to DNA solution leads to the formation of larger particles. The abrupt change in the shape of the spectra accompanied by the appearance of compact DNA can be clearly seen, similar to the results with silver metallization. After the transition, the shape of the spectra remains almost unchanged, with a broad absorbance region on 600 -900 nm and a weakly pronounced peak at 530 nm, which remains constant with increasing amounts of spermine. In the case of gold, the characteristic clear two-peak spectra do not appear, in contrast to the spectral changes that accompany metallization with silver.
Using transmission microscopy, we found that the first steps in gold deposition on an unfolded DNA chain are very similar to those of silver deposition; nanoparticles or metallized regions are observed on DNA, as shown in Figure 5 . At a higher concentration of spermine in solutions of DNA, structures containing compact units that measure about 100 nm with an unfolded DNA chain in the same structures are observed ( Figure 5 C and D) . We expect that such structures may appear as a result of the metallization of DNA loops formed as a kinetic step in DNA compaction by multications. At high concentrations of spermine, compact nanostructures which are assigned to metallized DNA toroids were observed, as shown in Figure 5 E-F. Such metallized toroids are markedly different from smooth silver nanorings and contain many discrete nanoparticle units on the surface. Golden nanorings were frequently found to be aggregated during TEM observations, which can explain the absence of a clear peak at a wavelength corresponding to the larger diameter of a nanoring. It is expected that such aggregation may be avoided by choosing suitable experimental conditions, and the formation of a smooth golden ring may become possible. Our results suggest that metal deposition in the form of a smooth layer or in the form of particles depends on the stability of the corresponding nanoparticles of larger sizes. Thus, when large nanoparticles are generated upon reduction under the same experimental conditions but without DNA seeds in solution, the deposition of a noble metal on a DNA toroid proceeds in the form of a smooth metal shell as was actually observed for silver metallization. On the other hand, if small metal nanoparticles are generated under the same conditions in solution without DNA, the metal is deposited on a toroid surface in the form of nanoparticles, as we found for gold. Systematic analyses of the relationship between the experimental conditions and the morphology of the final nanostructures are now underway.
Metallization with gold is similar to that with silver due to the abrupt nature of the transition and the fact that there are almost no spectral changes after the structural transition of DNA. Thus, the DNA conformational transition can be easily monitored by following the spectral change. Here, it is to be noted that, without metallization, the folding transition of giant DNA molecules exhibits essentially no spectral change in usual UV-VIS measurements. Figure 8 shows the change in the ratio of the absorbance intensities at 500 nm and 750 nm as a function of the spermine concentration. The change in the shape of the spectrum in terms of the intensity ratio closely resembles that of the curve for silver in Figure 6 . Therefore, regardless of the nature of the noble metal, the compaction of DNA into toroids and successive metallization is clearly indicated by the shape of UV absorption spectra, where silver is probably more useful for detecting the morphology of compact DNA.
DNA compaction with a cationic polymer and metallization. The chemical nature of the DNA condensing agent influences the mechanism of DNA compaction, the morphology of the final condensates and, in turn, the resulting metal nanostructure after DNA metallization. DNA condensates do not always have a toroidal morphology. In fact, stronger compaction agents such as polycations disfavor the formation of DNA toroids, and DNA condensates usually have a globular (spherical) morphology. 42 To clarify the formation of a non-toroidal condensate, we studied the metallization of DNA after interaction with the typical polycation poly-(L-lysine), which has a molecular weight of 30,000. Fluorescence microscopy images in Figure 9 and the evolution of DNA length in Figure 10 show that, in contrast to DNA compaction with spermine, the compaction of DNA molecules by a polycation is gradual and observed by fluorescence microscopy as a shrinking of DNA coils and the formation of compact globules at concentrations near the point of 1:1 charge equivalence between the negatively charged phosphates of DNA and the positively charged aminogroups of polylysine. At a certain concentration (Figure 9 D) , the fluorescence of single DNA molecules was strongly quenched, probably due to the release of fluorescent dye from DNA upon compaction. After the addition of an excess amount of polylysine, DNA globules became swollen and the fluorescence intensity from such swollen globules increased strongly. These changes indicate the beginning of the reverse process of compact DNA unfolding in the presence of excess polycation caused by overcharging of the DNA chain by the excess polycation.
We performed the metallization of DNA solution with different amounts of polylysine using essentially the same procedure as was described for DNA-spermine metallization with silver. The changes in the color of the solution together with corresponding UV spectra are shown in Figure 11 .
When DNA is in the unfolded form, the shape of the spectra changed only slightly until compaction.
The spectra intensity increases and then decreases, and the maximum absorbance wavelength decreases, indicating that smaller particles are formed at higher percentages of DNA complexation with polycation. The point of complete DNA compaction into globules, or the disappearance of the unfolded coil state in the population, is clearly indicated by a change in the color of the solution from yellow to gray. This color change is observed by UV-spectroscopy as a disappearance of the 400 nm peak and the appearance of a broad absorption band at longer wavelengths. Interestingly, with an increase in the poly-(L-lysine) content above the concentration of DNA collapse, a reverse tendency was observed. The solution turned yellow and an intense absorbance peak was again observed at about 400 nm. The appearance of this peak indicates the formation of nanoparticles and can be ascribed to the unfolding of DNA in the presence of excess poly(L-lysine) chains in solution which acts as a template for the formation of nanoparticles. After the reverse change in the color of the solution, the absorbance maximum is at a longer wavelength (about 410 nm) than that was observed for earlier stages of DNA-polycation interaction at charge ratios below one. The observed changes indicate that in the case of DNA compaction by a polycation, the change in the conformation of DNA can also be easily followed by visual (colorimetric) and spectroscopic changes after metallization with a noble metal, where the nature of the condensing agent affects the color-evolution scenario. Typical products of DNA-polylysine complex metallization are shown in Although noble metals are well known to be able to complex with various ligands, their compositions in solution can be varied over a broad range, while the correspondence between the changes in the conformation of DNA and UV spectral changes is preserved. However, in salt-free solutions or at very low salt concentrations (up to about 10 -3 M), the addition of a noble metal can significantly influence DNA rigidity and its electrostatic properties , and, as a result, the changes in UV spectra may not correspond exactly to the actual transition concentrations. The development of more robust procedures for screening DNA conformation is currently in progress.
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Conclusions. Our results showed that the manner of noble metal deposition on a long DNA chain upon reduction is sensitively dependent on the DNA chain conformation. This difference and the outstanding optical properties of noble metal nanostructures provide a variety of means to monitor conformational changes in biopolymers in highly dilute solutions by colorimetric and spectral methods and even with the unaided eye. This method of metallization may be useful for detecting the conformational state of any sufficiently long macromolecules and for probing important conformational changes such as DNA compaction and protein folding using a high-throughput colorimetric method. The rapid and simple detection of polymer conformation is a prospective tool for the analysis of large libraries of chemicals involved in the regulation of DNA or protein conformation. Furthermore, this method involving metal deposition is also sensitive to the shape and dimension of the compact biopolymer chain and can potentially be useful for probing the asymmetry of compact DNA or protein structures with a submicron resolution. 
